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ABSTRACT
In our research, we used amplitude modulated atomic force microscopy to
study the effect of thermal annealing on the morphology of four recently devel-
oped bulk heterojunction photovoltaic films. Each cell was fabricated by blending
a different conjugated foldamer or self-assembling polymer with Phenyl-C71-Butyric
acid Methyl ester. We took topography and phase images of both the conjugated
foldamer and blended material before and after thermal annealing. The topography
and phase images were then analyzed to understand how thermal annealing affects
phase separation in these new materials.
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CHAPTER 1
INTRODUCTION
The motivation for the development of alternative energy technology is to reduce
dependency on non-renewable energy sources. The most active area of research is in the
development of photovoltaic devices. At the time of writing this, a new solar installation
goes up about every 4 minutes in the United States. This trend has increased year
after year since the early 2000’s. Manufacturers of photovoltaic cells are always looking
for ways to increase scalability while keeping manufacturing costs low. Photovoltaic
devices are transducers, which convert energy from sunlight into electric potential energy.
The first photovoltaic devices used doped, inorganic semiconducting material to create a
photocurrent. Since the 1950’s the efficiencies of these devices have climbed from 6% to
over 24%.
In an effort to reduce manufacturing costs, researchers began producing photo-
voltaic devices using organic materials in the late 1970’s. The first organic photovoltaic
devices were fabricated using bilayer organic films, which mimic the structure of their
inorganic counterparts but are much cheaper to produce. Having efficiencies of less than
1%, these devices we not nearly as effective. In the 1990’s, the efficiencies of these devices
was further improved by blending the material in the organic films together, creating bulk
heterojunction photovoltaic devices. Since then, material scientists have reported effi-
ciencies of nearly 10%. As the reliability and efficiencies of these device continues to
improve, they will soon take the lead in photovoltaic technology.
An understanding of photovoltaic operational principles begins with a simple P-N
junction solar cell. For simplicity, assume that an electrically neutral phosphorus atom
is injected into an electrically neutral silicon crystal. If the number of phosphorus atoms
is low enough, the phosphorus atom can replace a silicon atom in the crystal structure.
This is done by giving up an electron and forming four covalent bonds with four other
silicon atoms. The free electron can move throughout the crystal. As more phosphorus
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atoms are injected into to the crystal, free electrons begin to diffuse evenly throughout
the material. Since material has an excess of negative charge carriers, the material is
said to be of the n-type.
However, if the same silicon crystal were injected with a boron atom instead, the
opposite effect will occur. The boron atom will also replace a silicon atom in the crystal
lattice. However, the boron atom will borrow an electron from one of its next nearest
neighbors to form four covalent bonds. The nearest neighbor now has a net positive
charge due to the absence of an electron, known as a hole. As more boron atoms are
injected into the crystal, holes also diffuse throughout the crystal. Due to an excess of
positive charge carriers, the material is said to be of the p-type.
P-N junction solar cells consist of a p-type material and a n-type material joined
together. The interface where the two materials meet is called the junction. In equi-
librium, some electrons from the p-type material diffuse into n-type material and some
holes from the n-type material diffuse into the p-type material. The excess of holes and
electrons on either side of the junction creates an electric field, which is strongest near the
junction. An electron-hole pair is formed when a photon is absorbed near the junction.
The electric field drives the electron toward the anode and the hole toward the cathode.
This process is known as photocurrent generation.[1, 2]
The construction of a bilayer organic solar cells is similar to that of a simple P-N
junction solar cell. Bilayer devices consist of an electron donor polymer film stacked on
top of an electron acceptor polymer film. The electron donor/acceptor polymer contains
rings with alternating single and double covalently bonded carbon atoms, known as a
p-conjugated polymer. The electron donor is responsible for photon absorption. When
a photon with sufficient energy is absorbed near a junction, a hydrogen like pseudo-
particle called an exciton is created. The energy difference between the highest occupied
molecular orbital (HOMO) of the electron donor and the lowest unoccupied molecular
orbital (LUMO) of the electron acceptor characterizes the exciton’s binding energy. If the
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photon’s energy is greater than the exciton binding energy, then the exciton disassociates
into an electron-hole pair. If the film is thin enough, some of the dissociated charges can
reach the terminals of the cell before recombining.
The photoconversion efficiency of bilayer photovoltaic devices is typically less than
1%. This partially due to to fact that exciton binding energies range from 0.1 eV to 0.5 eV.
The binding energy is so high that thermal energy cannot help disassociate the electron-
hole pair. Inorganic photovoltaics do not share this limitation. Furthermore, the exciton
has a diffusion length of about 10 nm. In bilayer photovoltaic cells, the diffusion length
is significantly less than the thickness of the film. Most electron-hole pairs recombine
and energy is lost in the form of radiation.
To overcome this limitation, donor and acceptor films are blended together. In
certain materials, donor and acceptor materials segregate to form small local domains.
When this occurs, the material is said to have undergone phase separation. Phase sepa-
ration creates bulk heterojunctions throughout the film. It has been observed that charge
separation occurs at domain boundaries. The continuous network of bulk heterojunctions
boundaries form conducting pathways between electrodes. When the local domain size
is less than the exciton diffusion length, dissociated electrons and holes can reach the
cell’s cathode or anode respectively. When the local domain size becomes larger than
the exciton diffusion length, the electron-hole pairs tend to recombine and waste energy
in the form of thermal radiation.[3]
Generally, BHJ solar cells are fabricated using spin coating to deposit thin layers of
material onto a substrate. The first layer of an organic photovoltaic device is a transparent
anode, typically composed of indium tin oxide (ITO) deposited on a glass substrate. The
anode is often coated in a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) or
PEDOT:PSS. This material is very conductive organic semiconductor, but also serves as
a hole blocking layer. This is generally between 6-10 nm and has been shown to increase
a photovoltaic cell’s power conversion efficiency. Light absorption takes place in the
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third layer, which consists of the donor/acceptor blend or the active layer. Experimental
evidence suggests that the thickness of the active layer should be between 100-120 nm
for optimal absorption. The cathode, made from metals such as aluminum or lithium
fluoride, sits on top of the active layer. The final layer forms the cathode and is typically
constructed from a metal such as aluminum or lithium fluoride.[4, 5]Metals with a higher
work function may be coated with secondary metal with a smaller work function to
increase photocurrent. Performance is measured over a small load resistor, which is
connected to the cathode/anode of the cell, as shown in Figure 1.
The current methodology for developing better performing BHJ devices is a guess
and check process. It is customary to use a fullerene derivative such as Phenyl-Cxx-
Butyric acid Methyl ester (PCxxBM) as an electron acceptor. Fullerene derivatives are
commonly used due to their high electron mobility and absorb primarily ultraviolet region
of the visible spectrum. Furthermore, these properties show very little variation follow-
ing thermal annealing.[6]A suitable electron donor polymer is blended together with a
fullerene derivative to create the active layer. The ideal electron donor is a black poly-
mer, which can absorb photons with frequencies across the visible spectrum.[7] A good
electron donor should also have a high hole mobility. Once the BHJ device has been
fabricated, its power conversion efficiency is tested.
Power conversion efficiency of organic solar cells is the universal standard for
determining its performance. By convention, it is defined through the following two
relationships.
h= Isc⇧Voc⇧FFPin where FF=
Imp⇧Vmp
Isc⇧Voc
Where FF is a dimensionless quantity called the fill factor, a parameter which impacts the
shape of the active layer’s IV curve. I, V, P are current, voltage, and power respectively.
The subscript mp indicates maximum power, oc for open circuit, sc for short circuit, and
in for incident.
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Figure 1: A schematic showing the structure of an organic photovoltaic cell.
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The open circuit voltage is proportional to the energy difference between between
the HOMO of the electron donor and LUMO of the electron acceptor. This is the
maximum electrical potential energy a cell can produce while it is isolated. Short circuit
current is the maximum current output of the cell, which occurs when the terminals
are connected with a low resistance wire. Current and voltage at maximum power are
experimental quantities obtained from the IV curve of a particular photovoltaic device,
where the IV curve reaches an absolute maximum. The area under this region of the IV
curve is the maximum power produced by the photovoltaic cell. By convention the power
density of the incident light is chosen to be 1,000 W/m2. On average, this is the power
density of sunlight when the sun reaches an altitude of 48.2 degrees. In the literature,
this standard is called the AM 1.5 spectrum.[8]
In a study conducted by David Coffey at the University of Washington, Depart-
ment of Chemistry, current sensing atomic force microscopy (CSAFM) showed that dif-
ferent domains become active as the applied voltage increases. The applied voltage
effectively increases exciton diffusion lengths, allowing larger domains to contribute to
the generated photocurrent. A major consequence of this study is that the fill factor,
open circuit voltage, and short circuit current are local properties of the material. The
characterization of photovoltaic cells using the the power conversion efficiency is inher-
ently a superposition of contributions for each local domain. Hence, optimizing device
performance requires fabricating active layers with optimal domain sizes on the order of
the exciton diffusion lengths, distributed throughout the active layer.[9]
Although domain sizes are unique for each BHJ film, certain materials favor phase
separation more than others. The ratio of donor to acceptor concentrations impacts the
size of domain formations. It has been observed that devices with a 1:1 donor to acceptor
ratio have the highest photoconversion efficiency. [10]
Active layer materials with higher band gaps consequently will have better power
conversion efficiencies. Given that the light energy in the visible spectrum ranges from
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2 to 3 eV, an optimal band gap should not exceed 2 eV. Although lower band gap
donor-acceptor materials have the potential to harvest light energy in the infrared and
microwave regions, there is a trade off in photoconversion efficiency. Therefore, the
optimal target band gap for a donor-acceptor materials is around 1.4-1.9 eV. [11]
Organic photovoltaics currently suffer from several critical limitations. First, Poly-
mer chains do not favor any particular orientation and thus charge transport differs for
each BHJ film. Second, the materials used to construct the active layer are photosen-
sitive. The active layer will decompose under prolonged exposure to direct sunlight.[12]
Finally, phase separation in the active layer increases during thermal annealing. Typ-
ically, thermal annealing increases ductility and homogeneity in materials. Due to the
geometric difference of fullerene derivatives, basal plane stacking of the electron donor is
preferred. As heat is applied to active layer, fullerene derivatives segregate until macro
phase separation occurs. The increased domain sizes break down charge transport in the
active layer.[13]
Dr. Peng’s research group at the University of Missouri-Kansas City has developed
several promising new active layer materials. PC71BM was chosen to be the electron
acceptor. Each sample was prepared using a different foldamer as the electron donor;
TD223, TD234, Deep20, and Deep22. The molecular structure of each foldamer and
PC71BM is shown in Figure 2. Foldamers are a type of polymer that commonly self
assemble into a helical structure. The bond angle between monomers in a foldamer chain
determines the size of the structure. These materials may provide a means to control the
size of domain formation in the active layer. It is anticipated that these foldamers will
increase the crystallinity of the active layer and improve device performance.
Device fabrication and characterization were carried out by Dr. Peng’s research
group. Spin coating was used to apply an aqueous PEDOT:PSS solution, at 4,000 RPM
for 30 seconds, to a 1.5 cm x 1.5 cm ITO coated glass substrate. The PEDOT:PSS was
heated in open air and dried at 120 C for approximately 45 minutes. Spin coating was
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used to deposit the active layer at 1,200 RPM for 1 minute. The active layer was prepared
by dissolving each foldamer with PC71BM in dichlorobenzene (ODCB) solution with a
donor/acceptor ratio of 1:1. The active layer was blended by stirring and thermal mixing
at 50 C for approximately 12 hours. The blended solution was passed through a 45 mm
filter prior to spin coating. Thermal evaporation was used to coat the active layer with
25 nm thick calcium layer and 100 nm aluminum layer. To prevent photodegradation,
each film was stored in a nitrogen atmosphere at low pressure.
Device characterization was carried out using cyclic voltammetry. An Oriel Xenon
Arc Lamp was used as a 1,000 W/m2 light source. J-V curves were generated using a
Keithley 2400 Broad Purpose Source Meter. The collected data was used to measure the
short circuit current density, open circuit voltage, and maximum power output density
of each cell. A summary of their results has been provided in Table 1.[14] The purpose
of this experiment is to understand how the morphologies of these materials changes in
response to thermal annealing.
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(a) TD223 (b) TD234
(c) Deep20 (d) Deep22
(e) PC71BM
Figure 2: The skeletal formuals above illustrate the composition of active layer materials.
Source: Li, Yong. Solar Cells Based on Imide Functionalized Naphthodithiophene
Based Donor-Acceptor Conjugated Foldamers. Group Meeting Report, 2013.
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Table 1: Photovoltaic Characterization
Donor:Acceptor Weight Ratio VOC(V ) JSC(mA/cm2) FF ⌘(%)
TD223 : PC71BM 1:1 0.61 0.81 0.28 0.14
TD234 : PC71BM 1:1 0.34 0.49 0.33 0.054
Deep20 : PC71BM 1:1 1.55 0.088 0.19 0.026
Deep22 : PC71BM 1:1 0.81 0.88 0.26 0.18
Source: Li, Yong. Solar Cells Based on Imide Functionalized Naphthodithiophene Based
Donor-Acceptor Conjugated Foldamers. Group Meeting Report, 2013.
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CHAPTER 2
EXPERIMENTAL TECHNIQUE
A sample of the TD223, TD234, Deep20, and Deep22 active layer was fabricated
by Dr. Peng’s research group using the procedure outlined in Chapter 1. To minimize
degradation, a glovebox was used to store the samples until they were needed for testing.
The glovebox provides a dark, low pressure atmosphere. Each sample was transported
to the AFM lab in a sealed container and covered with aluminum foil to reduce exposure
to ambient light. For practical application, each material was imaged under ambient
atmosphere and temperature conditions, and then returned to the glovebox after imaging.
After imaging, each cell was characterized by Dr. Peng’s group using cyclic voltammetry.
After characterization, each material was thermally annealed inside of the glove-
box. Thermal annealing was carried out in a nitrogen atmosphere using a hot plate.
Heat was applied for 5 minutes at 120°. After thermal annealing, each film was imaged
a second time. These images illustrate the morphological changes in the active layer in
response to thermal annealing.
A sample of the TD223, TD234, Deep20, and Deep22 electron donor polymer was
also prepared by Dr. Peng’s research group. Following the procedure outlined above,
each electron donor film was imaged. Thermal annealing was then carried out under the
same conditions as the active layer. After thermal annealing, each electron donor film
was imaged a second time. The images taken show the morphological changes in donor
materials in response to thermal annealing.
AFM data was recorded using a Park Systems XE-100 atomic force microscope.
The XE-100 was operated using amplitude modulation (tapping mode) to prevent the
AFM tip from altering sample morphology. Topography and phase data were collected
for each sample. A maximum area of 4.5 mm x 4.5 mm was scanned with a resolution of
1024 pixels x 1024 pixels. The raw data was processed and analyzed using Gywddion
SPM analysis software. Details regarding AFM operational principles, data collection
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using the XE-100, and image analysis are outlined in subsequent sections.
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2.1 AFM OPERATIONAL PRINCIPLES
The development of the scanning tunneling microscope in the early 1980’s provided
scientists with new a tool for creating atomic resolution images of surfaces. However,
the scanning tunneling microscope has the inherent restriction of only working with
conducting materials. The motivation for the development of the atomic force microscope
a few years later was a to create an instrument capable of using forces instead of current
to obtain images of materials with atomic resolution.
Although there have been many improvements in AFM design over the past three
decades, all atomic force microscopes have the same basic characterization. The AFM
interacts with a sample using a sharp tip, which is mounted at the base of a cantilever
spring. The cantilever is mounted to a piezoelectric element, which can change the height
of the cantilever in response to an applied voltage. When the AFM tip is brought close
to the sample’s surface, Van Der Waals forces exerted on the tip cause the cantilever
to bend. A sensor is required to measure the deflection of the cantilever. Most modern
AFM’s use an optical system and measure deflection by either laser beam deflection or
interferometry. The deflection signal is sent to a system controller, which runs a feedback
loop. The feed back loop adjusts the height of the cantilever. The system controller runs
the feedback loop while systemically scanning the sample’s surface. The response of the
feedback loop is converted into meaningful data by the system controller. This data is
sent back to the operator for processing and analysis.[15]
The most common type of optical system used in AFM fabrication use laser beam
deflection. The top of the cantilever is coated in silicon or some other reflective material.
A powerful laser is mounted above the cantilever. Light reflected off of the top of the
cantilever is directed toward a photodetector. The photodetector is divided into four
quadrants. Before approaching the sample, the reflected beam is aligned at the center
of the photodetector. Cantilever deflections, on the order of angstroms, cause noticeable
changes the path of the reflected beam. These changes are monitored by the system
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controller.
Modern AFM’s are equipped with different operational modes. The first AFM’s
operated in what is now known as contact mode. In contact mode mode, the system
controller is given what is known as setpoint value. This parameter is either a force or
height. The user manually brings the AFM tip approximately 0.5 mm away from the
sample’s surface, either by motorized control or mechanical system. Once in place, the
user starts the automated approach using the system controller. The system controller
drives the AFM tip toward the sample in increments until the set point is reached. The
feedback loop is then engaged and the system controller begins to scan the sample. As
the AFM tip scans the sample’s surface, the feedback loop maintains constant cantilever
deflection or height above the sample’s surface, depending on the type of setpoint value.
Contact mode can provide more detailed information than just surface topography.
Secondary data channels can simultaneously create images mapping local forces using
cantilever deflection. Horizontal deflection of the cantilever is also tracked while scanning.
Lateral forces exerted on the cantilever can also be mapped simultaneously and are known
as the friction signal. However, this method also has an inherent drawback in that it is
only suitable for use on hard materials. If used on softer materials, such as polymers,
the AFM tip will change the surface morphology while scanning the surface. Moreover,
image quality tends to be lower in contact mode versus other methods. For these reasons,
contact mode was not used in this experiment.
For softer materials, amplitude modulation or tapping mode is the method of
choice. In this mode, a sinusoidal voltage is applied to the piezoelectric element, forcing
the cantilever to oscillate. The system controller runs a frequency sweep test to determine
the resonant frequency and vibrational amplitude of the freely oscillating cantilever.
Unlike contact mode, the setpoint value is chosen to be a fraction of the amplitude at
the resonant frequency. During the automated approach, Van Der Waals forces (in the
repulsive regime) cause the vibrational amplitude of the cantilever to attenuate. Once
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the setpoint is reached, the feedback loop is engaged. During scanning, the feedback
loop applies a bias voltage to the piezoelectric element to raise or lower the cantilever as
needed to maintain the setpoint value.
Amplitude modulation can generate topography with resolution comparable to
that of contact mode. In tapping mode, changes in the natural oscillating frequency of
the cantilever can also be detected. These changes translate to a measurable shift in
the cantilever’s resonance curve or phase. By convention, the freely oscillating cantilever
has a phase of zero degrees. When the AFM tip taps the samples surface, the cantilever
undergoes a positive phase shift. The degree of phase shift depends on the local elastic
modulus of the material. Phase data is a lot more sensitive than topography data, and
hence provides more detailed information.[16]
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2.2 OPERATING THE XE-100
The following section describes the procedure used to operate the XE-100 using
amplitude modulation. The individual components of the AFM assembly need to be
powered on first. The XEP controller software can then be configured. Next, the appro-
priate cantilever chip needs to be mounted, and then the laser can be aligned. A sample
can then loaded on the XY stage. The AFM tip is then brought into contact with the
samples surface. After the approach, the sample the AFM begins scanning the sample.
Once imaging was completed, the AFM should be reset before the sample is removed.
The components of the XE-100 assembly are shown in Figure 3. The computer
loaded with the XEP controller software is powered on first. After the computer finished
starting up, it is safe to power on the XE-100 controller using the green power switch on
the front of the controller. Once the controller has been powered on and drivers initialize
successfully, the XEP controller software can then be loaded safely loaded. The laser
inside the AFM turns on automatically, but can be turned off manually using the XEP
software. The light source for the optical microscope, built into the microscope’s stage,
can be switched on using the power button on the illuminator box. The intensity of the
light source can be adjusted using the light control dial on the front of the illuminator
box. The LCD monitor needs to be turned on to view the cantilever through the optical
microscope.
The basic XEP interface consists of a primary window, which displays data collec-
tion in real time. Control, monitor, and data display windows can be docked around the
primary window or placed on top of it. With the exception of the scan control window,
configuration is set using options in the XEP toolbar. The configuration settings that
follow are shown in Figure 4.
If the XEP software is set to use amplitude modulation, then a frequency sweep
window will pop up when the application has finished loading. Otherwise, before switch-
ing to tapping mode, the AFM head must be disabled. The AFM head can be disabled
16
Figure 3: The components of the XE-100 assembly.
17
Figure 4: This figure shows all of the configuration settings used to operate the XE-100.
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by clicking on the mode in the XEP toolbar and uncheck the option that says “Head
On.” This can also be done using the toggling the head on/off button located in the
toolbar. Placing the mouse courser on top of a toolbar icon will reveal a description of
its function. A warning message will ask, “Do you really want to turn off Head?” Click
yes to continue. In the menu bar, click on setup and then part config. This will turn off
the laser and deflection monitoring.
In the XEP part selection window, the head mode should be set to NC-AFM.
If the sample being scanned is relatively smooth, such as a standard sample, then the
XY and Z voltage modes can be set to low. High voltage mode allows the piezoelectric
element to reach its maximum range. The Z scanner range should be set to 1.00. The
cantilever setting should match the model number on the cantilever being used. It can
be found on the cantilever container. Click OK once these settings have been chosen.
Once complete, turn the AFM Head back on. Click the OK button on the frequency
sweep window.
XEP is configured to only image surface topography by default. NCM Phase
images can be taken by using the options listed in the input config window shown in
Figure 4. The input config window is accessed from the setup option in the menu bar.
NCM Phase images were added by checking the box next to the desired input type. Note
that this option was not initially available and should be added to the list using the
select input window, displayed by clicking the setup button in the input config window.
Checking the box next to NCM Phase and clicking OK added this option to the input
config window. Once the desired input is chosen, data can be collected from left to
right, right to left, or both. To reduce the number of images taken, data taken in the
reverse direction can be disabled. A flattening algorithm does not need to be applied as
Gwyddion has a 12thorder flattening algorithm.
To protect the piezoelectric element, the AFM will automatically retract the can-
tilever tip when a maximum height value of 1.2 mm is reached. Due to a defect in the
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controller software, the piezoelectric element begins to gradually move upward while scan-
ning. This sloping is subtracted during from the raw data during processing. If scanning
takes too long to complete, then the tip will retract before data collection is complete.
The time required to scan an image can be minimized by choosing an optimal resolution.
The default image pixel size is set be 256 pixels × 256 pixels. Increasing the
resolution increases the amount of time it takes to acquire an image. Choosing 1024 pixels
× 1024 pixels is sufficient and will take approximately 17 minutes. It is recommended
that a low resolution setting be used until a desired scan area is found. It may take
multiple attempts to find a flat section of the sample. The resolution can be changed
using the scan config window, located under setup in the toolbar. Click the down arrow
under “Image pixel size” to select another resolution.
Additional options chosen in the scan config window should be over scan, sine
scan, and image reformat. The sine scan function in this window reduces the speed the
AFM scans as it reaches the edge of the sample in order to reduce non linear effects. XEP
will automatically flatten the image in real time (while scanning) if the image reformat
option is selected. However, only the raw data is sent to the buffer. This feature displays
what the processed image will look like in real time during the scan. Overscan is set to
10% by default. This option instructs XEP to scan beyond the set scan size by a certain
amount. This moves the non-linear edging effects outside set scan area.
The scan control window is used to adjust physical scan parameters, and is located
under view menu in the XEP toolbar. Choice of scanning in the x-direction or y-direction
is arbitrary, but one direction may be more favorable than another for a given topography.
Since data collection was previously set to the forward direction only, two way scanning
was disabled. The repeat function was disable to prevent continuous scanning. Scan
size should be set to a maximum of 4.5 mm × 4.5 mm. When the scan size is set to
the maximum, the offset and rotation options are not functional and remain set to zero.
These options can be used to scan a smaller area within the maximum scan area. A scan
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rate of 1 Hz is sufficient. Increasing the scan rate decreases the accuracy of the scan.
The XE-100 was not configured for current sensing AFM. The tip and bias voltages were
also disabled by setting them to zero.
Due to bug in the controller software, the drive defaults to 100%. This pushes the
amplitude up to approximately 34,000 nm. The drive should be around 20% to generate
an appropriate resonance curve, which will be used to determine the setpoint value. The
amplitude is typically set between 300 nm and 800 nm. The enter key must be used to
update the new amplitude value. Clicking on the NCM setup button updates the drive
value and bring up the frequency sweep window. This process should be repeated until
the drive is within 18-22% range.
The frequency sweep window is used to determine the setpoint value. This window
displays a graph of the cantilevers amplitude vs frequency. The scroll button on the mouse
should be used to enlarge the graph as much as possible. The resonant frequency of the
cantilever occurs where the amplitude is at a maximum. A pink cursor is displayed on
the graph at the resonant frequency. This can be dragged left or right and will trace the
data points presented on the graph. Moving the cursor to the right enables frequency
modulation and to the left enables amplitude modulation. Amplitude modulation is set
by moving the cursor to the left about 30-40 nm below the amplitude at the resonant
frequency. As the cursor moves, a red horizontal line will also move up or down. This line
marks the setpoint value, which is approximately 75% of the free vibrational amplitude
at the resonant frequency.
The remaining settings in the scan control window relate to configuring the feed-
back loop. The feedback loop must be enabled, which is done by checking the Z servo
box. Once the AFM enters the feedback loop, a line profile will appear in the trace
control window. This will display a line profile of the topography or phase in real time.
This signal can be stabilized using the Z servo gain feature in the scan control window.
Z servo gain is set to 1.00 by default, and ranges from 0 to 20. For better results, this
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value was set to 3. If the line profile contains a gradual slope, the slope option is used
to level the line profile. These options should be set after the feedback loop has been
engaged.
Before mounting a new cantilever or loading a new sample, the optical microscope
and Z stage should be reset. The reset button in the motors window (shown in Figure
5) brings up the reset stage window, which is used to move the Z stage and/or optical
microscope back to the starting position. To avoid crashing the microscope head into the
Z stage, resetting both of them together is recommended. This is done automatically by
checking the Z stage and focus boxes, and then clicking on the “R. Origin” button. The
reset stage window can be closed using the done button when the automated process
completes.
At the start of the experiment, a cantilever is gently removed from its case. The
cantilever should be oriented so that the reflective side is face up and the circular hole
in the cantilever is oriented toward the left. The cantilever chip magnetically clips onto
the bottom of the Z stage. The whole in the cantilever chip should line up grooves on
the bottom of the Z stage as shown in Figure 6.
The motors window is used to move the Z stage and optical microscope vertically
up or down. Checking the focus follow box moves the Z stage and optical microscope
together, keeping the cantilever in focus. Using this option can save a lot of time manually
approaching the sample. Note that this option only works while moving the Z stage. The
motors window also displays the position of the optical microscope and Z stage. The
starting position of the optical microscope is 23,999.9 mm. The starting position of the Z
stage is 54,000.0 mm. These numbers decrease as these components approach the sample.
Initially, the cantilever will not be visible on the LCD monitor. The cantilever can
be brought into focus by clicking and holding down on the focus control button, below
the solid line in the middle. Clicking further away from the center of the button will
move the optical microscope faster as shown in Figure 5. The optical microscope will
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Figure 5: This figure illustrates the XE-100 components operated using the motors win-
dow. The blue arrow points to the optical microscope and the red arrow points to the
Z stage. The velocity controls for both components are labeled in green. In this image,
the XE-100 is in the starting position.
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Figure 6: This figure shows how to properly mount the cantilever to the bottom of the
Z stage.
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begin to move downward. The cantilever will come into focus when the position of the
optical microscope reaches about 22,070.00 mm in the motors window. This position may
vary slightly depending on the type of cantilever used. If needed, the optical microscope
can be moved vertically upward by clicking above the center line on the focus control
button.
The cantilever should appear in focus on the Sharp LCDmonitor. If not, locate the
cantilever on the monitor using the two thumb screws attached to the optical microscope
as shown in Figure 7. The center thumbscrew moves the optical microscope horizontally
forward (clock wise) and back (counter clock wise). The thumbscrew located on the right
hand side of the optical microscope, moves it horizontally left (counter clock wise) and
right (clock wise). The optical microscope should be positioned such that the cantilever
appears centered at the bottom of the monitor.
Back the laser off so that is centered on the cantilever chip. The laser is adjusted
using the using the laser alignment thumbscrews shown in Figure 8. The left laser
alignment thumbscrew moves the laser horizontally forward (counter clock wise) and
backward (clock wise) on the LCD screen. The right laser alignment thumbscrew moves
the laser horizontally left (clockwise) and right (counter clockwise). Once the laser is
centered on the back of the cantilever chip, guide the laser onto the cantilever. The laser
should now be visible on the Sharp LCD monitor. Use the monitor to center the laser at
the end of the cantilever.
The position of the laser on the position sensitive photo diode (PSPD) is monitored
using the monitor window. The PSPD is divided into four quadrants on the monitor
window. The steering mirrors need to be adjusted to center the laser on the PSPD with
the small steering mirror adjustment screws shown in Figure 9. The steering mirror
adjustment screw (the smaller thumbscrew on the dovetail lock head mount) on the
left moves laser in the y-direction. The remaining thumbscrew moves the laser in the
x-direction.
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There are several important numerical values on the monitor window. The A+B
value describes the total signal strength. The steering mirror adjustment screws should
be adjusted until this value is greater than 1 volt. A typical value is around 2.2 volts.
The A-B and C-D values are used to precisely center the laser on the PSPD. If the A-B
value is greater that 1 volt the laser is positioned on the top half of the PSPD. A value
less than -1 volt indicates that the laser is positioned on the lower half of the PSPD.
The laser should be adjusted until the A-B value is between -0.5 volts and +0.5 volts.
Similarly, the C-D values indicate the relative position of the laser on the left and right
side of the PSPD. The desired C-D values are similar to the desired A-B values. Once
these values are within range, laser alignment is complete.
After the laser has been aligned, a sample can be loaded onto the XY stage.
Typically, samples are prepared on a glass substrate. Before loading the sample, the
glass substrate must be mounted to a small steel plate, about a one mm thick, with two
sided tape. A magnet located inside the XY stage of the microscope holds the sample in
place. The sample should be directly below the AFM tip. The sample’s position can be
adjusted at anytime prior to using the automated approach with the micrometer screws
shown in Figure 10. The micrometer screw located on the right of the XY Stage moves
the stage left (clockwise rotation) or right (counter clockwise rotation). The micrometer
screw on the left moves the stage toward the user (counter clockwise) or away from the
user (clockwise). The XY stage does not move in the vertical direction.
After mounting the sample, the AFM case should remain open. Use the Z stage
control button in the motors window to bring the AFM cantilever toward the sample.
Like the focus button, the Z stage control button will drive Z stage vertically downward
when clicked below the horizontal bar or upward when click above it. Again, the velocity
of the Z stage is controlled by the distance between the mouse cursor and horizontal
bar. The Z stage only moves while the button is held down. As the AFM cantilever
approaches the sample, begin to click closer to the horizontal bar in the middle of the
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Figure 7: This figure illustrates how to adjust the optical microscope.
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Figure 8: This figure illustrates how to guide the laser onto the cantilever.
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Figure 9: This image shows how to center the laser on the PSPD.
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Figure 10: This figure shows how to load and align the sample stage. The sample, circled
in yellow is aligned directly below the AFM tip.
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button to reduce the speed of the Z scanner.
Stop when the AFM cantilever has reached a distance of about 1 cm above the
sample. The motor driving the Z stage downward can knock the laser out of alignment.
Verify that the laser is still centered on the photodiode. If the laser is out of alignment,
realign the laser and readjust the setpoint value. The XE-100 case is then closed and
air supply to the isolation table is turned on to minimize interference from outside noise.
The pneumatic isolation mounts will lift the table under the XE-100.
While watching the LCD monitor, bring the AFM cantilever toward the sample in
small increments. Stop if the cantilever begins to bend or the A-B value in the monitor
window changes drastically. When the cantilever is just above the sample, the sample
will come into focus on the LCD monitor. If the sample is dark or glass, then the sample
can still be identified by light reflected from its surface. The cantilever will start to cast
a shadow over the sample.
Once the sample starts to come into focus on the LCD monitor, click the approach
button in the motors window. The controller will move the cantilever toward the sample
in micrometer increments until it reaches the set point. Make a note of the Z scanner’s
position. It will differ for every sample, but knowing about where the sample is located
can speed up the approach time.
A line profile will appear in the trace window once the approach is complete. This
displays the data collected by the AFM as it scans. If this line is unstable, then adjust
the Z servo gain in the scan control window. The line profile can also be leveled by
adjusting the slope.
To start scanning the sample, clicking on the start button in the scan control
window. Data is displayed in real time on the XEP dashboard. XEP will making a
dinging sound to indicate that is done acquiring an image and will move the images to
the buffer. To export an image from the buffer, right click the image and select the view
information option. Use the image information window to save the image to a desired
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location and give it meaningful name. Close the window to return to XEP. Each image
in the buffer must be saved individually.
After all desired images have been saved, click on the reset Z stage using the
motors window. To quit XEP, click file in the XEP toolbar and select the exit option.
Turn off each component of the XE-100 system in the opposite order that they were
turned on. Open the case to the XE-100 and carefully remove the sample.[17]
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2.3 IMAGE PROCESSING
The following section outlines the procedure processing and collection of AFM
data with Gwyddion, SPM data analysis software. Raw data collected with XEP was
exported in a TIFF image format. Each channel was exported separately. Data collected
for each sample was concatenated and exported as a single file. NCM phase and topog-
raphy channels taken simultaneously were processed alongside one another. Algorithms
applied to the topography data were also applied to corresponding NCM phase data in
the same manner.
Gwyddion displays AFM data graphically. The location of each data point in
mm is plotted in a two dimensional cartesian plane. The value of the each data point
is represented using a color palette. Algorithms are then applied to a specific subset of
data points or all data points to correct any defects including non-linear effects, horizontal
lines, or dust. The goal of image processing is not only to provide cleaner images but
also more meaningful data.
Raw AFM data appears distorted around the outside edges of the image due to
the non-linear behavior of the piezoelectric element. A 2 mm x 2 mm subset of data was
cropped out of the raw data toward the center of the image, discarding the distorted data
around the outer edge. The crop tool was use to select an initial subset of topography
data. The number of pixels selected was adjusted until the crop area was 2 mm x 2
mm. The grid coordinate of the top-left data point was recorded in pixels. The selected
subset of data was exported to a separate channel for further processing. Subsets of
corresponding NCM phase data were extracted using the same coordinates.
The surface of most materials contains a gradual slope. Sloping makes the range
of AFM data larger, and smaller surface features become less noticeable. The XE-100
controller also introduces a gradual slope in the y-direction, making topography data
difficult to read. The remove polynomial background module uses the following relation-
ship to create a two-dimensional background function to represent the curvature of the
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surface, and subtracts the polynomial background from the data.
nX
i=0
mX
j=0
ai,jx
iyj
The indices n and m determine the order of the polynomial and have a range from 0
to 12. To correct additional sloping added by the controller software, both indices were
set to 11. Gwyddion uses data points to compute appropriate values for the polynomial
coefficients ai,j.
Occasionally, AFM data contains lines along the scan direction. These defects can
offset a some of the AFM data. The median line correction module was used to measure
the median row height along the scan direction. The data points in each row were then
offset until the median line difference is minimized.
For phase data only, the automatic color range tool was used to determine a
data range without trailing values. This was done increase the contrast of the image.
Values outside the specified range were highlighted using a mask. The Laplace solver
was used to wash out the masked areas. The Laplace solver fills in the missing data with
a two-dimensional function generated by solving Laplace’s equation.
r2f(x, y) = 0
This method forces the unknown function to match the data points on the border of the
masked region, filling small holes or defects with best fit data. The mask was removed.
A Sobel filter was also applied to the phase data and extracted, producing a normalized
gradient image.[18]
The scale bar was leveled so that the smallest data point corresponds to zero. A
warm color palette was chosen for topography and phase data and a grey color palette
for Sobel data. Then a line profile along the scan direction was extracted from the
topography image. The endpoints of the line profile were recorded and used to extract
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the same line profile from the corresponding NCM phase image. A height and phase
distribution curve was also extracted using Gywddion’s 1-D statistical functions tool.
Average, median, and RMS values for each image were recorded last using the statistical
quantities tool. All images were exported and then converted to a png format.
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CHAPTER 3
EXPERIMENTAL RESULTS
The data for each sample is presented in a separate subsection. The AFM data for
donor film is presented first, followed by the AFM data for the active layer. Each film was
imaged before and after thermal annealing. A topography image taken prior to thermal
annealing is presented first, followed by the corresponding phase image. Next, a topog-
raphy image taken after thermal annealing is presented, followed by the corresponding
phase image.
For each image, a two dimensional line profile has been extracted. The line profile
is always displayed directly below the image and corresponds the line labeled with a “1”
in each image. A normalized height or phase distribution curve has also been included
for each image.
The last figure presented for each film shows normalized gradient of the phase
data before and after thermal annealing. This image was included to accent changes
surface morphology. A table summarizing both statistical topography and phase data
are included on the final page of each section.
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3.1 TD223
The topography and phase images shown in Figures 11, 12 show the TD223 elec-
tron donor film prior to thermal annealing. The initial RMS roughness of the sample was
0.72 nm. The line profile taken from the topography image shows groupings of molecules
approximately 0.30 nm in diameter. Almost 70% of the collected data points had a me-
dian height of 6.410 nm. The initial median phase of donor film was 4.113°. The range
of phase data was approximately 6°.
The data taken in Figures 13, 14 was taken following thermal annealing. The
RMS roughness of the donor film dropped to 0.588 nm, indicating a smoother surface.
Clear groupings of molecules are no longer present in the line profile. The median height,
accounting for 80% of the sampled data points, dropped to 2.506 nm. The median phase
of the donor film dropped to 3.333°. The range of phase data remained the same.
The normalized gradient of the AFM phase data before and after annealing is
shown in Figure 15. Many of the minor surface features and defects in the film were
smoothed out during the annealing processes. The effect of thermal annealing on the film
itself was minimal as indicated by the slight change in RMS roughness of the film. The
change in median phase value is a consequence varying setpoint values when calibrating
the AFM. Therefore, the phase distribution graphs appear slightly shifted after thermal
annealing.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 11: This figure contains pristine TD223 donor film topography data. AFM to-
pography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from
the AFM topography image is shown in (b). The graph (c) contains the distribution of
AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 12: This figure contains pristine TD223 donor film phase data. AFM phase data is
shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 13: This figure contains annealed TD223 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 14: This figure contains annealed TD223 donor film phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Donor Film Normalized Phase Gradient
(b) Annealed Donor Film Normalized Phase Gradient
Figure 15: This figure illustrates how the normalized gradient of the TD223 donor film
phase data changes in response to thermal annealing.
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The topography and phase images in Figures 16, 17 show the TD223 active layer
prior to thermal annealing. The initial RMS roughness of the active layer was 3.270 nm.
The line profile taken from the topography image shows domains up to about 45 mm in
diameter. Approximately 17% of the collected data points had a median height of 13.280
nm. The initial RMS phase of the active layer was 2.270°. The range of phase data was
about 14°.
The images in Figures 18, 19 were taken following thermal annealing. The RMS
roughness of the donor film increased slightly to 3.320 nm, indicating a small growth
in domain size. The median height, accounting for 13% of the sampled data points,
increased slightly to 16.800 nm. The RMS phase of the active layer rose to 4.330°. The
range of phase data doubled, reaching 30°. The sloping of the active layer surface had
increased. The change in phase data range is caused by the AFM tip making contact with
a sample surface at a different angles. Dark regions correspond to the AFM tip moving
upward along the scan direction, whereas the lighter regions correspond the AFM tip
moving downward.
Again, the normalized gradient of the AFM phase data before and after annealing
is shown in Figure 20. The valleys between domains appear to have washed out after
annealing. The active layer appears to have macro phase separated prior to annealing.
Both phase and topography data confirm a growth in surface structures due to thermal
annealing.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 16: This figure contains pristine TD223 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 17: This figure contains pristine TD223 active layer phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 18: This figure contains annealed TD223 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 19: This figure contains annealed TD223 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Active Layer Normalized Phase Gradient
(b) Annealed Active Layer Normalized Phase Gradient
Figure 20: This figure illustrates how the normalized gradient of the TD223 active layer
phase data changes in response to thermal annealing.
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Table 2: A statistical summary of TD223 topography data.
Sample Average (nm) Median (nm) RMS (nm)
Pristine Donor Film 6.420 6.410 0.720
Annealed Donor Film 2.512 2.506 0.588
Pristine Active Layer 12.980 13.280 3.270
Annealed Active Layer 16.530 16.800 3.320
Table 3: A statistical summary of TD223 phase data.
Sample Average ( ) Median ( ) RMS ( )
Pristine Donor Film 4.067 4.113 1.062
Annealed Donor Film 3.292 3.333 0.900
Pristine Active Layer 6.550 6.460 2.270
Annealed Active Layer 14.710 14.970 4.330
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3.2 TD234
The topography and phase images shown in Figures 21, 22 show the TD234 donor
film prior to annealing. Figures 23, 24 show the TD234 topography and phase data after
thermal annealing. The initial RMS roughness of the sample was initially 0.675 nm prior
to annealing and 0.641 nm after. The line profile taken from the topography and phase
images contain a significant amount of noise. The phase distribution curve contains two
peaks, which indicates the material has two clearly different densities.
The normalized gradient of the AFM phase data before and after annealing is
shown in Figure 25. The pattern in both images appear to be identical. Thermal an-
nealing had no impact on this material at all. The pattern appears manufactured. The
image of a single material having two distinct phase values indicates that material is in
fact the glass substrate. Most of the donor film had evaporated prior to imaging.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 21: This figure contains pristine TD234 donor film topography data. AFM to-
pography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from
the AFM topography image is shown in (b). The graph (c) contains the distribution of
AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 22: This figure contains pristine TD234 donor film phase data. AFM phase data is
shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 23: This figure contains annealed TD234 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 24: This figure contains annealed TD234 donor film phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Donor Film Normalized Phase Gradient
(b) Annealed Donor Film Normalized Phase Gradient
Figure 25: This figure illustrates how the normalized gradient of the TD234 donor film
phase data changes in response to thermal annealing.
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The topography and phase images shown in Figures 26, 27 show the TD234 active
layer prior to thermal annealing. The initial RMS roughness of the sample was 2.140
nm. The line profile and height distribution curves indicate that the active layer has a
relatively flat surface. Almost 50% of the data points taken contained a median height
of 16.490 nm. The initial median phase of active layer was 11.850°. The range of phase
data was between about 5°.
After thermal annealing, the active layer was imaged again and presented in Fig-
ures 28, 29. The RMS roughness of the active layer increased slightly, reaching 3.670
nm. The number of surface features in the topography data had increased. The median
height for 25% of the sampled data points, climbed to 27.950 nm. The median phase of
the donor film dropped to 10.950°. The range of phase data increased to about 12°. This
can be attributed to the increased number of surface features.
Figure 30 shows the normalized gradient of the active layer phase data before and
after thermal annealing. The overall surface appears to have smoothed over. The surface
features in both images were found throughout the film during imaging. However, the
narrow phase range suggests that sample may contain only one type of material. This is
also supported by absence of the donor material in previous images. It is highly probable
that these images actually show the electron acceptor film.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 26: This figure contains pristine TD234 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 27: This figure contains pristine TD234 active layer phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 28: This figure contains annealed TD234 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
59
(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 29: This figure contains annealed TD234 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Active Layer Normalized Phase Gradient
(b) Annealed Active Layer Normalized Phase Gradient
Figure 30: This figure illustrates how the normalized gradient of the TD234 active layer
phase data changes in response to thermal annealing.
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Table 4: A statistical summary of TD234 topography data.
Sample Average (nm) Median (nm) RMS (nm)
Pristine Donor Film 2.549 2.577 0.675
Annealed Donor Film 2.229 2.245 0.641
Pristine Active Layer 16.510 16.490 2.140
Annealed Active Layer 27.790 27.950 3.670
Table 5: A statistical summary of TD234 phase data.
Sample Average ( ) Median ( ) RMS ( )
Pristine Donor Film 10.760 11.850 5.530
Annealed Donor Film 10.660 10.950 6.280
Pristine Active Layer 3.711 3.741 0.703
Annealed Active Layer 4.160 4.130 1.270
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3.3 Deep20
Figures 31, 32 contain the Deep20 electron donor film prior to thermal annealing.
The initial RMS roughness of the sample was 3.330 nm. The surface of the film initially
appears rough, with a median heigh of the film was 14.790 nm. The initial median phase
of donor film was 10.930°. The range of phase data was about 46°. The AFM phase data
shows that the sample appears to have already started to degrade.
The data taken in Figures 33, 34 was taken following thermal annealing. The RMS
roughness of the donor film increased to 4.830 nm, indicating a rougher surface. Larger
groupings of molecules can be seen in the line profile. The median height increased to
17.580 nm. The median phase of the donor film dropped to 7.820°. The range of phase
data dropped to about 21°.
The normalized gradient of the AFM phase data before and after annealing is
shown in Figure 35. The structures scattered across the surface of the pristine film are
actually holes. After thermal annealing, the holes in the film have smoothed over. A
high degree of order is present after annealing. When this film is combined PC61BM, it
is commonly known as P3HT. This material is very promising due to its high degree of
crystallinity.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 31: This figure contains pristine Deep20 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 32: This figure contains pristine Deep20 donor film phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 33: This figure contains annealed Deep20 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 34: This figure contains annealed Deep20 donor film phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Donor Film Normalized Phase Gradient
(b) Annealed Donor Film Normalized Phase Gradient
Figure 35: This figure illustrates how the normalized gradient of the Deep20 donor film
phase data changes in response to thermal annealing.
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The topography and phase images in Figure 36, 37 show the Deep20 active layer
prior to thermal annealing. The initial RMS roughness of the active layer was 2.380 nm.
Approximately 25% of the collected data points had a median height of 12.370 nm. The
initial RMS phase of the active layer was 1.510°. The range of phase data was about 13°.
Small, potentially phase separated regions are visible in the AFM phase data.
The images in Figures 38, 39 were taken following thermal annealing. The RMS
roughness of the donor film increased to 4.000 nm, indicating a small growth in domain
size. The median height, accounting for 15% of the sampled data points, increased
slightly to 14.620 nm. The RMS phase of the active layer rose to 6.490°. The range of
phase data was about 41°. Domain formation can be seen in the AFM phase data, with
an estimated domain size of about 30 mm in diameter.
The normalized gradient of the AFM phase data before and after annealing is
shown in Figure 40. The two images show a drastic change in surface morphology. Prior
to thermal annealing, the domains are spaced too far apart. After annealing, the spacing
between domains is close to ideal, however, the domain size has become too large.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 36: This figure contains pristine Deep20 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 37: This figure contains pristine Deep20 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 38: This figure contains annealed Deep20 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 39: This figure contains annealed Deep20 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Active Layer Normalized Phase Gradient
(b) Annealed Active Layer Normalized Phase Gradient
Figure 40: This figure illustrates how the normalized gradient of the Deep20 active layer
phase data changes in response to thermal annealing.
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Table 6: A statistical summary of Deep20 topography data.
Sample Average (nm) Median (nm) RMS (nm)
Pristine Donor Film 14.900 14.790 3.330
Annealed Donor Film 17.580 17.530 4.830
Pristine Active Layer 12.300 12.370 2.380
Annealed Active Layer 14.680 14.620 4.000
Table 7: A statistical summary of Deep20 phase data.
Sample Average ( ) Median ( ) RMS ( )
Pristine Donor Film 12.660 10.930 7.130
Annealed Donor Film 8.100 7.820 3.220
Pristine Active Layer 4.130 3.980 1.510
Annealed Active Layer 20.220 20.250 6.490
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3.4 Deep22
Figures 41, 42 contain the Deep22 electron donor film prior to thermal annealing.
The initial RMS roughness of the sample was 0.620 nm. Approximately 78% of the data
collected corresponded to a median heigh of the film was 4.337 nm. The initial median
phase of donor film was 3.930°. The range of phase data was about 11°.
The morphology of the donor annealed film is shown in Figures 43, 44. The RMS
roughness of the donor film increased to 0.818 nm, indicating a slightly rougher surface.
The median height decreased to 3.278 nm. The median phase of the donor film dropped
to 2.598°. The range of phase data dropped to about 6°.
The normalized gradient of the Deep22 AFM phase data before and after annealing
is presented in Figure 45. Prior to annealing, the surface is relatively uniform. The heat
applied during the annealing process drives the film into a more ordered state. However,
the Deep22 donor film does not appear as responsive to annealing as the Deep20 film
discussed above.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 41: This figure contains pristine Deep22 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 42: This figure contains pristine Deep22 donor film phase data. AFM phase data
is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM phase
image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 43: This figure contains annealed Deep22 donor film topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 44: This figure contains annealed Deep22 donor film phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Donor Film Normalized Phase Gradient
(b) Annealed Donor Film Normalized Phase Gradient
Figure 45: This figure illustrates how the normalized gradient of the Deep22 donor film
phase data changes in response to thermal annealing.
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The topography and phase images in Figure 46, 47 show the Deep22 active layer
prior to thermal annealing. The initial RMS roughness of the active layer was 0.850 nm.
Approximately 55% of the collected data points had a median height of 2.967 nm. The
initial RMS phase of the active layer was 1.760°. The range of phase data was about 11°.
Small local domains can clearly been seen in the AFM phase data.
The images in Figures 48, 49 were taken after the Deep22 donor film was an-
nealed. The RMS roughness of the donor film dropped to 0.622 nm. The median height,
accounting over 80% of the sampled data points, increased to 6.880 nm. The RMS phase
of the active layer increased slightly to 2.230°. The range of phase data was about 13°.
Although the the domains appear to have grown in size, the overall sample was smoother
after thermal annealing.
The normalized gradient of the Deep22 AFM phase data before and after annealing
is presented in Figure 50. Localized domain structures are visible in both images. Some
of the domains around the outer edge of the image may appear slightly elongated due
to the non-linear behavior of the AMF’s piezoelectric element. Although the spacing
between the domains is optimal, the domain size after annealing becomes too large.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 46: This figure contains pristine Deep22 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 47: This figure contains pristine Deep22 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Topography Image
(b) Line Profile
(c) Normalized Height Distribution
Figure 48: This figure contains annealed Deep22 active layer topography data. AFM
topography data is shown in (a). A two dimensional line profile, labeled ’1’, extracted
from the AFM topography image is shown in (b). The graph (c) contains the distribution
of AFM data points.
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(a) Phase Image
(b) Line Profile
(c) Normalized Phase Distribution
Figure 49: This figure contains annealed Deep22 active layer phase data. AFM phase
data is shown in (a). A two dimensional line profile, labeled ’1’, extracted from the AFM
phase image is shown in (b). The graph (c) contains the distribution of AFM data points.
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(a) Pristine Active Layer Normalized Phase Gradient
(b) Annealed Active Layer Normalized Phase Gradient
Figure 50: This figure illustrates how the normalized gradient of the Deep22 active layer
phase data changes in response to thermal annealing.
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Table 8: A statistical summary of Deep22 topography data.
Sample Average (nm) Median (nm) RMS (nm)
Pristine Donor Film 4.329 4.337 0.620
Annealed Donor Film 3.283 3.278 0.818
Pristine Active Layer 2.963 2.967 0.850
Annealed Active Layer 2.191 2.199 0.622
Table 9: A statistical summary of Deep22 phase data.
Sample Average ( ) Median ( ) RMS ( )
Pristine Donor Film 4.010 3.930 0.930
Annealed Donor Film 2.624 2.598 0.823
Pristine Active Layer 10.910 11.080 1.760
Annealed Active Layer 6.860 6.880 2.230
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CHAPTER 4
CONCLUSION
The TD223 donor material film appeared to be the least responsive to thermal
annealing. The donor polymer appears to macro phase separate upon mixing with the
electron acceptor polymer. Furthermore, the TD234 material is too volatile to use in
ambient conditions. Both the Deep20 and Deep22 donor films tend to become more
ordered after thermal annealing. The Deep22 donor was slightly less responsive than
Deep20 to thermal annealing. Even though thermal annealing continued to drive phase
separation in both samples, the morphology of the Deep22 sample was the most ideal.
Phase separation in organic photovoltaics is caused caused by a difference in pack-
ing propensities between the donor and acceptor polymer. If a fullerene derivative,
whether it is PC60BM or PC71BM, is used as the electron acceptor, then the diame-
ter of one buckyball is on the order of 10 nm. The separation between basal planes of the
electron donor is typically on the order of 3 nm. When heat is applied to the system, the
energy is used segregate the electron acceptors. The basal planes of the electron donors
will stack, as this is a more energetically favorable configuration.
Adding more carbon atoms to the electron acceptor only increases the size of the
molecule. This only contributes the difference in packing propensities and drives phase
separation farther. It makes sense then that P3HT (Deep20) under goes phase separation
faster when mixed PC71BM.
Unfortunately, the setpoint value is a parameter used to calibrate the AFM. If
the setpoint value had been the same for all samples, the phase data could have been
correlated. The phase data alone is not sufficient to distinguish between materials in
these samples. Further study using current sensing AFM is required to understand the
electronic properties of these new materials. Photoconductivity mapping is required to
confirm that the surface structures found in the AFM phase images are in fact phase
separated domains.
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